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Abstract
Global change is driving a massive rearrangement of the world’s biota. Trajectories of distributional shifts are shaped
by species traits, the recipient environment and driving forces with many of the driving forces directly due to human
activities. The relative importance of each in determining the distributions of introduced species is poorly under-
stood. We consider 11 Australian Acacia species introduced to South Africa for different reasons (commercial forestry,
dune stabilization and ornamentation) to determine how features of the introduction pathway have shaped their
invasion history. Projections from species distribution models (SDMs) were developed to assess how the reason for
introduction influences the similarity between climatic envelopes in native and alien ranges. A lattice model for an
idealized invasion was developed to assess the relative contribution of intrinsic traits and introduction dynamics on
the abundance and extent over the course of simulated invasions. SDMs show that alien populations of ornamental
species in South Africa occupy substantially different climate space from their native ranges, whereas species intro-
duced for forestry occupy a similar climate space in native and introduced ranges. This may partly explain the slow
spread rates observed for some alien ornamental plants. Such mismatches are likely to become less pronounced with
the current drive towards ‘eco gardens’ resulting in more introductions of ornamental species with a close climate
match between native and newly introduced regions. The results from the lattice model showed that the conditions
associated with the introduction pathway (especially introduction pressure) dominate early invasion dynamics. The
placement of introduction foci in urban areas limited the extent and abundance of invasive populations. Features of
introduction events appear to initially mask the influence of intrinsic species traits on invasions and help to explain
the relative success of species introduced for different purposes. Introduction dynamics therefore can have long-last-
ing influences on the outcomes of species redistributions, and must be explicitly considered in management plans.
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Introduction
The intentional movement of species is set to play an
increasingly important role in global change, not only
in terms of biological invasions but also with attempts
to conserve rare species through managed relocation
(Richardson et al., 2009; Webber et al., 2011a). We need
a better understanding of how introduction pathways
(combinations of processes and opportunities resulting
from the specific ways in which species are introduced
to, and disseminated within, a new region) influence
establishment and subsequent spread. Such insights are
required to make informed decisions both on deliberate
species movements, and how to respond to accidental
species movements and indeed natural range shifts.
This paper draws on insights from tree introductions to
South Africa to shed light on key determinants of the
outcomes of species redistributions.
Species with similar human uses usually share
introduction pathways; that is, they have certain
commonalities in the conditions associated with their
introduction and dissemination (Lonsdale, 1999;
Lockwood et al., 2005; Thuiller et al., 2006). These fac-
tors include the position of introduction foci in the
landscape, the number and frequency of introduction
events, components of propagule pressure, and the
effort and resources devoted to establishment (Wilson
et al., 2007; Blackburn et al., 2011). Such commonalities
should result in distinctive biogeographical patterns in
the introduced ranges – ‘signatures’ that may remainCorrespondence: J. E. Donaldson, tel. 021 808 2339, fax 021 808
2995, e-mail: jubatusdnl@gmail.com
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discernible for long periods (decades or centuries;
Castro-Dıez et al., 2011; Hui et al., 2013).
Trees introduced for commercial forestry are
generally selected from regions with similar climates to
the target region (Zobel et al., 1987), and are usually
introduced initially in small-scale trial plantings (see
Poynton, 2009 for a review of forestry trials in South
Africa). When selected for commercial production, trees
are planted repeatedly over decades in very large
numbers over large areas at multiple sites considered
climatically suitable for high productivity. These
features of the introduction pathway afford propagules
opportunities to overcome various barriers to establish-
ment in the new environment (Richardson, 1998;
Richardson & Rejmanek, 2011). Plantings are usually
adjacent to natural or semi-natural vegetation, which
provides opportunities for spread (Fig. 1; Richardson,
1998). Tree species used for dune stabilization, on the
other hand, are selected for their ability to grow in
harsh environments with minimal tending, even at the
establishment phase. Species from similar climates are
again generally favoured. Once populations have estab-
lished, little or no further effort is given as populations
are expected to be self-sustaining. We suggest that
climate matching, high propagule pressure and place-
ment in disturbed landscapes could help species
overcome barriers to establishment associated with
climate and other environmental limits to the native
distribution (Lockwood et al., 2005; Colautti et al.,
2006). Initial aid in establishment, such as deliberate
Fig. 1 Schematic representation of the role of introduction history in mediating invasions of alien trees (graphical depiction inspired
by Mack, 2005).
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disturbance of the soil, clearing of competing vegeta-
tion, or fertilizer addition may negate environmental
barriers limiting establishment and growth (Richardson
& Bond, 1991; Mack, 2005). Similarly, high propagule
pressure, constant reciprocal plantings to new localities,
and close proximity of introductions to suitable land
for spread may aid species in overcoming ineffective
dispersal and low seed set (Simberloff, 1988; Lockwood
et al., 2009). Thus, it could be predicted that introduc-
tions for forestry and dune stabilization should lead to
a relatively high proportion of naturalized and invasive
species as a result of the general characteristics of their
respective introduction pathways, regardless of the
intrinsic life-history traits of the species involved
(Gravuer et al., 2008).
In contrast to the situation for forestry and dune sta-
bilization, species used as ornamentals are generally
selected with less consideration to climatic match or
high productivity. Species are often planted in small
numbers, as individual trees or small populations which
means that they can be intensively cultivated. Such nur-
turing (e.g., in microclimates such as irrigated, fertilized
gardens or golf courses) often protects isolated plants or
small populations from environmental stochasticity
(Reichard & White, 2001; Mack, 2005). Introduced
‘source’ populations of such species are frequently
found within conurbations. In many cases, urban land-
scapes surrounding these populations provide an abun-
dance of disturbed habitat where biotic and abiotic
conditions are altered through human interventions
such as irrigation, fertilizer application, removal of
native vegetation or the creation of heat pockets (Fig. 1;
Deutschewitz et al., 2003; Chytry et al., 2008; Pickett
et al., 2008). Consequently, the likelihood of introduced
populations naturalizing in urban areas is increased as a
result of both the increased propagule pressure from
additional plantings to sites, and the high level of heter-
ogeneity of habitats and conditions within conurbations
(Fig. 1; Deutschewitz et al., 2003; Chytry et al., 2008;
Pickett et al., 2008; Aikio et al., 2011). Despite the ele-
vated likelihood of naturalization under these condi-
tions, the fragmented nature of the physical landscape
created by urban environments limits spread from these
initial populations. Furthermore, the manipulated
microclimates within which these populations thrive
may not match the broader climatic requirements of
the species. That is, since introductions of ornamentals
are seldom preceded by meticulous climate matching
there are often limitations to further spread. Ultimately,
the introduction conditions that promote the naturali-
zation and spread of forestry and dune stabilization spe-
cies will work against ornamental species. Climatic
mismatching, low propagule pressure and unsuitable
environment for spread will, therefore, intensify any
limiting life-history traits and may negate those traits
that would otherwise have promoted spread (Fig. 1;
Gravuer et al., 2008). Thismay explainwhy, even though
most alien plants are initially introduced to urban areas,
such areas are not overrepresented as sources of spread
or invasion hotspots (Aikio et al., 2011).
The above observations suggest that large-scale
planting for commercial forestry and dune stabilization
will greatly improve the chances of an introduced tree
species becoming established and naturalized, and
many trees used for this purpose have indeed become
invasive (Avis, 1989; Richardson, 1998; Mack & Erne-
berg, 2002; Mack, 2005; Richardson & Rejmanek, 2011).
On the other hand, inherent features of the pathway of
introduction and dissemination of alien ornamental
plants should result in a lower proportion of species
introduced for ornamentation achieving broad invasive
distributions (Fig. 1).
We developed two hypotheses relating to the influ-
ence of introduction pathways on resultant invasive
populations: (i) forestry and dune stabilization species
will have closer climate matches between invasive and
native populations than ornamental species; (ii) intro-
duction type and human-aided dispersal are more
important than species traits in determining the inva-
sive extent of alien populations, at least initially.
Materials and methods
Study system
Australian Acacia species have been disseminated globally for
many purposes for more than 150 years (Richardson et al.,
2011). Many introductions have led to establishment and
spread, resulting in a number of species becoming amongst
the most widespread invasive woody plants globally (Rich-
ardson & Rejmanek, 2011). The variety of reasons for the
movement of Australian Acacia species from their native
ranges and the many resultant invasions in novel landscapes
make this a superb system for exploring links between condi-
tions of introduction and subsequent invasion dynamics. We
focussed on Australian Acacia introductions to South Africa
because: the history of introduction is well documented; many
species have been introduced for different purposes; most spe-
cies have similar and long residence times; most species have
similar reproductive and physiological traits; and high-quality
data are available on the distribution of introduced popula-
tions (Henderson, 2006; Poynton, 2009; Gibson et al., 2011; Le
Roux et al., 2011).
At least 70 species of Australian Acacia were introduced to
South Africa for dune stabilization, commercial forestry and
ornamental use during the 19th and 20th centuries (Hender-
son, 2006; Poynton, 2009; Bennett, 2011; Richardson et al.,
2011). Fourteen of these Australian Acacia species (most of
which have residence times of 100+ years) are currently
invasive in South Africa (Van Wilgen et al., 2011). Four
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species were introduced for commercial forestry (Acacia deal-
bata Link., A. decurrens Willd., A. mearnsii De Wild., A. mela-
noxylon R. Br.), four species for coastal dune stabilization (A.
cyclops A. Cunn. ex G. Don., A. longifolia (Andrews) Willd.,
A. pycnantha Benth., A. saligna (Labill.) H. Wendl.), and three
species were introduced in small numbers for forestry trials
before the majority of their dissemination took place through
the ornamental trade (A. baileyana F. Muell., A. elata A. Cunn.
ex Benth., A. podalyriifolia A. Cunn. ex G. Don.). Another
three species are known to have become invasive at only a
few sites restricted to trial plantings and are not considered
here.
For both commercial forestry species and dune stabilization
species, substantial effort was expended in identifying areas
suitable for growth and large numbers of propagules were
introduced – see Avis (1989), Poynton (2009), Bennett (2011)
and Le Roux et al. (2011) for reviews. In contrast, trees planted
as ornamentals such as A. elata were often rejected from for-
estry trials due to poor wood quality before becoming popular
garden plants and being planted for their aesthetic value in
residential areas (Poynton, 2009).
Distribution records
Occurrence data from Australia for the 11 Acacia species were
acquired from the Atlas of Living Australia (ALA; www.ala.
org.au; accessed 1 August 2012). Based on the descriptions of
native and alien distributions for Australia on World Wide
Wattle (www.worldwidewattle.com), records were assigned
native or alien status. South African records were extracted
from the Southern African Plant Invaders Atlas (SAPIA;
accessed 25 April 2012). Data for introductions in other parts
of the world were obtained from a combination of the alien
Australian data and records from the Global Biodiversity
Information Facility (GBIF, accessed 25 April 2012).
Data were processed to remove duplicate records and those
with obvious errors in the coordinate system (e.g., points in an
ocean). Records with locality information at a resolution that
was coarser than 10’ resolution and records before 1960 were
removed to ensure that distribution data matched the spatio-
temporal resolution of the climate data used in modelling.
Records identified as cultivated or growing in manipulated
environments and records of populations in microclimates
not detectable at a 10’ spatial resolution (e.g., along rivers in
arid areas) were removed. Cleaned data were regularized to a
single record per 10’ grid to reduce sampling bias. See
supporting information Table 1 for further details of data
cleaning.
Species distribution modelling
BIOCLIM (true/false) model builder in DivaGIS v. 7.5.0 was
used to match the climate of the relevant distribution records
with that of the rest of the world (Busby, 1986). This climate
envelope method is appropriate for assessing broad climatic
similarity between regions, is not affected by issues related to
artificial absence data, and reduces the risk of over fitting
when projecting potential ranges for invasive species (Lobo
et al., 2010; Webber et al., 2011b). We developed three species
distribution models (SDMs) for each species based on differ-
ent distribution data: (i) native Australian distribution records;
(ii) alien distribution records from South Africa; and (iii) all
alien distribution records excluding those in South Africa, for
each species.
The meteorological dataset used to train and project models
was the WorldClim Version 1.4 (Release 3) 10’ resolution grid-
ded bioclimatic raster set for current conditions (Hijmans
et al., 2005; www.worldclim.org; accessed 01.August.2012).
For all models, three covariates were selected: maximum tem-
perature in warmest month (bio05), minimum temperature in
coldest month (bio06), and annual precipitation (bio12). Only
three variables were selected as increasing the number of
variables can lead to model overfitting (R€odder & L€otters,
2009; Peterson, 2011). The Pearson correlation coefficient was
Table 1 Explanations for the five adjusted parameters in the model simulation of Acacia invasions in the Western Cape, South
Africa
Parameter Definition Values
Introduction scenario Placement of the seven source populations within
the landscape. Positions were altered to represent
dune stabilization (introductions into open areas)
or ornamental (introductions into residential,
highly populated regions)
See Table S2 for coordinates*,†,‡
Trees introduced The number of trees introduced to each of the seven
source cells at t0
Low (2), medium (1000), high(4220)*,†
Reproduction rate The number of trees generated by a single tree at each
time step (t)
Low (0.2), medium (0.6), high(1)§,¶,**
Local dispersal The proportion of effective dispersal reaching the 8 cells
immediately adjacent to the source cells at each time step (t)
Low (0.005), medium (0.009), high(0.02) §,¶
Global dispersal The proportion of effective dispersal assigned to global
dispersal at each time step (t)
Low (0.0001), medium (0.01), high(0.1)
*Avis (1989). †Poynton (2009). ‡J.E. Donaldson unpublished. data. §Milton & Hall (1981). ¶Marchante et al. (2010). **J.H. Hoffmann
and F.A.C. Impson, unpublished. data.
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used to ensure that the selected bioclimatic variables were not
highly correlated (all combinations were <0.6).
To identify whether different pathways of introduction
impacted the climatic space occupied by alien populations
when compared with native populations (Hypothesis 1), we
compared projections for each species obtained from the three
datasets (native, alien in South Africa, alien globally excluding
South Africa). To compare the overlap between the projections
made to South Africa with the three datasets, we used ENM-
Tools v.1.3 (Warren et al., 2010) to calculate Schoener’s (1968)
D index and the Hellinger-based similarity statistic (I) (Van
der Vaart, 1998) for each grid. Both measures give a value
between 0 (no overlap) and 1 (complete overlap).
Lattice model of Acacia expansion in South Africa
The lattice model was developed for the Western Cape
province of South Africa, where all 11 selected Acacia species
occur. A 1 km-resolution binary climatic suitability projection
of the Western Cape was generated using known distribution
data to create a reasonable degree of realism regarding the
connectivity of climatically suitable land available for invasion
(see Appendix S2 for detailed explanation). The percentage of
available land for invasion within each 1 km grid cell was cal-
culated using 30 m-resolution National Landcover (2009)
maps from the South African National Biodiversity Institute
(SANBI; Fairbanks et al., 2000) Only pixels defined as natural
and degraded were considered available for population
growth, while cultivated landscapes, urban areas, water
bodies, plantations and mines were considered unsuitable.
The maximum number of trees that a fully saturated 1 km2
cell could contain was set to 83 893 trees as per Veldtman et al.
(2010). The product of this value and the percentage of
available land determined the carrying capacity (K) for any
given cell.
We developed the lattice model on 1 km grid cells to
simulate the population dynamics and range expansion of the
species in the Western Cape taking demographic coefficients
from literature, as well as different initial propagule sizes
(Table 1) and dispersal strategies (Table 1). At each three-year
time step (representing the typical generation time from seed
to adult tree; Gibson et al., 2011), the tree population within a
1 km2 cell first undergoes reproduction, then dispersal, and
finally population growth up to a set carrying capacity. We
did not explicitly include mortality as the substantial seed
banks that develop under mature Acacia stands means that
any adults that die are usually replaced relatively quickly
(Wilson et al., 2011). The potential number of new adult trees
produced per cell is determined by n 9 r, where n is the cur-
rent abundance with the cell and r the number of reproductive
trees that a single tree can produce during one time step (i.e.
3 years). These potential individuals either remain in the same
cell (≥97.9%), move to adjacent cells (ld < 0.6–2.5&; consider-
ing 8 neighbouring cells), or are dispersed across the region
(Gd < 0.001–1&). Regional dispersal was included to represent
the extreme long-distance movement of seeds by humans
(both deliberate and accidental). We therefore weighted the
likelihood of a cell receiving a seed through regional dispersal
by the human influence index of each cell, as calculated in the
Last of the Wild Project, Version 2, 2005 (LWP-2): Global
Human Influence Index (HII) Dataset (Sanderson et al., 2002).
Abundance stops increasing once carrying capacity is reached.
For each simulation, abundance was calculated as the sum
of the abundance in all cells, while occupancy was the propor-
tion of suitable cells with abundance >1. Simulations were run
five times for each set of parameters (Table 1) resulting in a
total of 810 runs with every available combination used. To
account for the expectation that plant invasions will only
reach a broad-scale equilibrium with climate over centuries
(Aikio et al., 2010), as well as the estimated time of introduc-
tion for the majority of Australian Acacia species to South
Africa (Poynton, 2009), simulation models were run for
150 years (50 time steps).
To test the influence of parameters associated with intro-
duction conditions (propagule pressure, placement within the
landscape and human-aided long-distance dispersal) and spe-
cies specific traits (reproductive rate, local seed dispersal) on
abundance and occupancy of populations through time
(Hypothesis 2), linear models were fitted for log abundance
and occupancy with propagule pressure, placement within the
landscape, global dispersal, reproduction rate and local dis-
persal as explanatory variables (full model). Parameters were
then removed systematically (reduced models) and the residu-
als of the resultant models used to calculate the partial correla-
tion coefficient of each parameter (Quinn & Keough, 2002),
which was used as a proxy for the relative importance of
each variable and calculated for each time step. Reduced mod-
els were compared to full models using a one-way ANOVA to
test whether differences were significant (Quinn & Keough,
2002).
To assess the influence of placement of introduction events
(i.s) in the landscape on the point at which different manage-
ment thresholds were reached, we used estimates by Moore
et al. (2011) that eradication of Acacia paradoxa infestations is
only cost effective below 777 ha, and containment is only cost
effective between 777 and 2500 ha; above this maintenance
management is most cost effective. Estimates were made for
abundance, assuming that each tree occupied an area of 12 m2
(maximum carrying capacity of is taken to be ca. 84 000
trees.km2). In order to estimate the influence of the place-
ment of populations in the landscape on the time until each
threshold was reached, propagule pressure needed to be con-
trolled. To achieve this, the number of trees introduced was
split into low (2 trees) and medium-intensity (1000 trees) intro-
duction events, with high (K trees) excluded as K varied by
site and could thus not be controlled. Linear models were
fitted to the relationship between time taken for populations
to reach thresholds and the remaining parameters (full
model). Parameters were then removed systematically
(reduced models) and the residuals of the resultant models
were used to calculate the coefficient of partial correlation
which was used as a proxy for the relative importance of the
placement of introduction points (Quinn & Keough, 2002).
Reduced models were compared to full models using a one-
way ANOVA to test whether differences were significant (Quinn
& Keough, 2002).
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Results
Human-mediated introductions dictate the extent of
climate similarity
Model projections based on native range records for all
ornamental species indicated minimal areas of climatic
suitability in South Africa (Fig. S6). However, models
calibrated using South African distribution data and
projected to South Africa indicated that populations in
this part of the alien range occupied large climatic
niches, as represented by the three modelled covariates.
Niche-overlap tests indicate that models calibrated with
native data and those calibrated with South African
data had consistently lower niche overlap for ornamen-
tal species than forestry and dune stabilization species,
with almost no overlap and similarity between the
native and alien niches of ornamental species (Table 2;
Fig. S1–S6). Dune stabilization species had relatively
low niche similarity between South African and native
models, with A. cyclops and A. saligna occupying a
wider niche in the introduced South African range than
in the native range and having the least similarity
between the native and South African niche. Forestry
species had consistently high niche overlap between
South African and native models, with the South
African models of A. dealbata (D = 0.698, I = 0.788)
showing the greatest similarity with the relevant native
models and A. mearnsii (D = 0.490, I = 0.694) the lowest
similarity and largest area of projected suitability for
the South African model (Table 2). These results were
largely mirrored by comparisons between native mod-
els and those calibrated with global alien distribution
records (excluding South African records; Table 2).
Simulated Acacia expansion in South Africa
Increases in the number of trees introduced, global dis-
persal, reproductive rate, and local dispersal all had
positive effects on occupancy and abundance over time
(ANOVA, P < 0.001). Dune plantings with two initial
trees and 1000 initial trees shorten the time taken for
populations to reach both management thresholds
when compared with ornamental plantings of the same
scale (ANOVA, P < 0.001), except when reproduction rate
is low and dune populations with only two initial trees
do not exceed eradication estimates within 150 years
(Fig. 2). The introduction scenario had the greatest
influence (21%) on populations where the number of
trees introduced was low (2) and decreased to (8%)
when introductions were larger (1000).
In the early stages of the simulated invasions, the
number of trees introduced was the most important
parameter influencing the number of cells occupied
and abundance. However, this initial influence
decreased over time to less than 3% and 7% after
150 years for occupancy and abundance, respectively.
Global dispersal had the greatest cumulative impor-
tance over the 150 years for occupancy. However, its
relevance to abundance was lower, only being greater
than 5% after 97 years and never becoming greater than
10%. For both occupancy and abundance, reproductive
rate increased in importance with time as populations
Table 2 Niche similarities of Australian Acacia species intro-
duced to South Africa. Overlap in climatic niches was calcu-
lated with Schoener’s D index and similarity calculated with
the Hellinger-based similarity statistic from model projections
to South Africa built using (a) native records, (b) South Afri-
can records, and (c) global alien records (excluding South
























A. baileyana 0.000/0.019 0.000/0.019
A. elata 0.084/0.289 0.117/0.297
A. podalyriifolia 0.050/0.216 0.135/0.367
Forestry
(n = 4)
A. dealbata 0.698/0.788 0.137/0.300
A. decurrens 0.610/0.688 0.399/0.495
A. mearnsii 0.490/0.694 0.422/0.535




A. cyclops 0.180/0.407 0.177/0.396
A. longifolia 0.224/0.474 0.277/0.494
A. pycnantha 0.300/0.541 0.499/0.706
A. saligna 0.151/0.389 0.110/0.326
Fig. 2 Comparison of the time taken for dune and ornamental
simulated populations to exceed eradication estimates (777 ha)
considering three different initial abundances (2, 1000, carrying
capacity (K)) and reproductive rates.
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grew, with the largest cumulative importance over
150 years for abundance, and a relative importance for
occupied cells of 51% after 150 years (Fig. 3). Local
dispersal had the smallest influence on occupancy and
abundance over the entire simulation. Introductions to
areas typical of ornamental plantings negatively influ-
enced the number of cells occupied and abundance
when compared with dune introductions (ANOVA,
P < 0.001). This impact on occupancy is consistently
greater than 5% for the first 57 years of simulations,
decreasing to less than 1% after 126 years (Fig. 3a). The
abundance was influenced to the greatest extent
between 20 and 80 years by the area of introduction,
with relatively little impact (<5%) over the first 10 years
of simulations (Fig. 3b).
Discussion
The pathway whereby species are introduced and
disseminated in a new region influences both the popu-
lation dynamics and the climatic landscape within
which the species finds itself. Furthermore, introduc-
tion conditions will, in some cases, have a major initial
influence on the ability of species to establish and
spread in the new habitat, with differences attributable
to species traits only becoming apparent later in the
invasion event.
Human-mediated introductions dictate the extent of
climate similarity
The large overlap between the climatic space occupied
by alien forestry species in South Africa and their
respective native ranges is largely to be expected, due
to the substantial effort put into sourcing and placing
forestry trees (Poynton, 2009; Bennett, 2011). The lower
overlap in climatic space observed with Acacia mearnsii,
A. cyclops and A. saligna, when compared to the other
forestry and dune stabilization species, is probably
because these species have been exposed to a much
greater level of human-aided dispersal within South
Africa (Poynton, 2009). The resultant alien populations
in South Africa have had the opportunity to reach cli-
matic space that may not be currently available to
native populations due to dispersal and other biological
limitations; they may thus occupy slightly different
climatic spaces to the native populations (Soberon &
Peterson, 2005; Fitzpatrick et al., 2007; Soberon, 2007;
Gallien et al., 2010). Similarly, we argue that the lack of
similarity between the native and alien range of orna-
mental Acacia species is based on the complex makeup
of urban landscapes and the conditions typically associ-
ated with ornamental plantings (Deutschewitz et al.,
2003; Mack, 2005). It is likely that climatic mismatches
experienced by ornamental Acacia species in South
Africa have, to some extent, limited their spread to dis-
turbed areas surrounding conurbations when com-
pared to the broadly invasive forestry species placed
within suitable climate conditions.
The lack of similarity between the native niche and
that occupied by alien populations has been docu-
mented before (Broennimann et al., 2007; Fitzpatrick
et al., 2007). Other studies have argued that an
observed niche shift may be due to overfitted models
resulting from high numbers of predictor variables
used for model building (R€odder & L€otters, 2009; Peter-
son, 2011). We feel that this is unlikely to be the case in
our study given the choice of modelling methodology.
The influence of a climatic mismatch and reliance on
urban microclimates may account for some limitations
on the alien range of ornamental acacias in this study.
However, an increasing drive towards ‘eco gardens’ –
gardens with chosen plants that require little input and
cultivation in the novel range (e.g., cactus gardens in
arid landscapes) – will likely negate these limits in
many new introductions (Bradley et al., 2011).
Ironically, this climate change adaptation strategy may
lead to unanticipated negative impacts unless careful
consideration is given to the risk of such ornamental
(a)
(b)
Fig. 3 Relative importance (percentage deviation) of the five
simulation parameters (initial number of trees introduced; intro-
duction scenario; reproduction rate; local dispersal; and global
dispersal) in determining occupancy (a) and abundance (b) over
the 150-year simulations.
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introductions being more effective at ‘jumping the gar-
den fence’ (Bradley et al., 2011). Irrespective of such
decisions, future climate change is also likely to lead to
shifts in regions of suitable climate for introduced
plants. These changes could alter the risk profile for
introduced species, based on changing local context,
and could also remove barriers to invasion that were
previously mediated by physiological limitations. In
this regard, niche shifts appropriately identified from
the alien range become particularly informative for
understanding the potential invasion threat posed by
introduced species (Sanchez-Fernandez et al., 2011;
Webber et al., 2011b).
Simulated Acacia expansion in South Africa
In the initial phases of our lattice simulation, propa-
gule pressure had the largest influence on both the
abundance and occupancy. The effect of propagule
pressure was present throughout the 150-year simu-
lation, indicating that differences in propagule pres-
sure can have long-lasting impacts on the rate of
spread and abundance of invasive populations. This
was expected; propagule pressure is well known to
play a major role in driving invasions (Lockwood
et al., 2005). The finding that the initial number of
trees introduced still has an influence on the inva-
sive population after 150 years supports the findings
of Castro-Dıez et al. (2011) who showed that human-
usage metrics were very useful for explaining
differences in levels of invasiveness of Acacia species
globally. The implication is that large-scale (high
intensity) introductions of potentially invasive species
result in disproportionately large invasive problems
as a result of compounding effects. The simulations
suggest that the current issues being faced by man-
agement in South Africa dealing with invasive spe-
cies originally introduced for forestry and dune
stabilization are still likely to be a product of the
substantial numbers of trees initially introduced to
drive the trade.
In addition to propagule pressure, the area to which
a species is initially introduced in the novel region will
be dictated by their introduction pathway (i.e. forestry
species in plantations in open areas, dune stabilization
species along coastal drift sands in open areas and
ornamental plants in human settlements; Wilson et al.,
2007, 2009). Our simulation model was limited to esti-
mates of available land to assess the influence of where
species are introduced. This will no doubt underesti-
mate the limits placed on ornamental plants in urban
areas where habitat fragmentation, frequent clearing
and intensive management are likely to impose further
restrictions. Nevertheless, our results support the
notion that both population growth and spread are
influenced by the position of introduction foci in the
landscape. The model suggests that limits resulting
from reduced carrying capacity in urban environments
occur most severely between 20 and 50 years. How-
ever, model limitations mentioned above exclude more
severe limits likely to occur during the early stages of
invasions. The result of limits stemming from ornamen-
tal plantings indicates consistently longer periods taken
for ornamental invasive populations to reach manage-
ment-triggering thresholds when the initial numbers of
trees are equal.
The combination of low propagule pressure and
landscapes that inhibit spread is likely to have played a
significant role in the larger invasive distributions of
Acacia species used for forestry and dune stabilization
in South Africa than those used for ornamentation. This
is not to say that ornamental species do not pose a
major threat as invasive species. The random position
and increased number of foci that will stem from multi-
ple ornamental introductions will limit the ability of
management to accurately locate and manage invasions
resulting from ornamental introductions, which
increases the costs of management and decreases the
scale of invasions that can be effectively dealt with,
making ornamental introductions more complicated to
manage than those attributed to other forms of intro-
duction (Foxcroft et al., 2008; Moore et al., 2011). Fur-
thermore, simulations indicate that ornamental species
with high reproductive rates may be able to overcome
limitations linked to propagule pressure and the physi-
cal landscape over long periods. Thus, ornamental
species that are able to overcome barriers to dispersal
and spread and become invasive may have extremely
successful reproductive traits making them potent inva-
sive plants. Invasive ornamental species such as Brazil-
ian peppertree (Schinus terebinthifolius) in Florida and
Hawaii and miconia (Miconia calvescens) on islands in
the South Pacific seem to fit into this category, with
reproductive traits that have allowed them to escape
cultivation and form massive invasive distributions
(Meyer, 1996, 1998; Williams et al., 2007). This is cause
for concern because many ornamental species are
selected for their reproductive traits, such as early flow-
ering age, long flowering times and high seed set
(Anderson et al., 2006). Ornamental species that appear
to be able to escape cultivation after only a short period
since introduction should, therefore, receive a high pri-
ority status from management looking to prevent major
invasions.
It is also worth noting the importance of long-
distance human-mediated dispersal on the spread of
invasive populations (Trakhtenbrot et al., 2005). Again,
the simulations indicated that a human-induced
© 2013 John Wiley & Sons Ltd, Global Change Biology, 20, 1527–1537
1534 J .E . DONALDSON et al.
dispersal pattern in the form of seed movement over
long distances had a substantial influence on the inva-
sive dynamics of populations. Unlike propagule pres-
sure and the placement of populations in the
landscape, the effect of long-distance dispersal on occu-
pancy was constant throughout the 150-year simulation
period. This supports the idea that conditions of intro-
ductions resulting from human influences may play a
larger role in the scale and distribution of invasive pop-
ulations than intrinsic species traits and traits related to
natural seed dispersal. While the natural dispersal of
forestry, dune stabilization and ornamental plants may
play some role in their ability to escape cultivation, our
simulations suggest that the long-distance movement
of popular plants by humans will play a greater role in
determining the the invasive extent. This is because of
the increased number of introduction events, which
increases the potential to encounter areas suitable for
‘escape’ and spread while at the same time increasing
both the propagule pressure and number of foci (Deh-
nen-Schmutz et al., 2007; Foxcroft et al., 2008). These
results concur with the findings of Dehnen-Schmutz
et al. (2007) who showed that trends in the invasive
success of ornamental plants in Britain correlate with
market popularity and suggested that understanding
market trends may improve our ability to predict future
invasions.
It is likely that following their initial introduction
and planting, long-distance dispersal of forestry spe-
cies also played a key role in the substantially larger
invasive distributions of forestry Acacia species when
compared to ornamental Acacia species in South
Africa. This is due to the constant movement and
reintroduction of forestry species to areas around the
country considered suitable for commercial growth
(Poynton, 2009). While ornamental plants may be
moved long distances on occasion as a result of pri-
vate interest, the deliberate, commercially driven,
mass movement of forestry propagules has probably
been much greater than that facilitated by the trade
in trees for ornamentation. As a result, the invasive
distribution of forestry species within South Africa is
substantially higher, as would be expected based on
model simulations.
The global redistribution of species is a major compo-
nent of contemporary global change, with species being
consistently moved by humans over distances and at
rates that are unprecedented. The results of this work
indicate that the properties of species movements will
impact their subsequent population dynamics and
resultant distributions for long periods. In turn, these
redistributions are likely to have long-lasting impacts
on the global makeup of species, highlighting the
importance of making educated decisions when
evaluating species movements. For example, the
demand for bio fuels in South Africa is likely to lead to
the introduction and dissemination of many different
alien woody plants (Raghu et al., 2006). Knowing how
introduction pathways and cultivation practices influ-
ence the potential for future invasion dynamics will be
useful for planning (Richardson & Blanchard, 2011).
Similarly, the growing discussion on relocation of
endangered species to aid migration with changing
climate requires knowledge of how human-aided dis-
persal affects populations (Richardson et al., 2009). We
have shown that the mode of introduction has a signifi-
cant influence on their initial establishment and spread.
This has ramifications for both the feasibility of such
moves as well as the perceived threat of deliberate
redistribution (Richardson et al., 2009; Webber et al.,
2011a).
Introduction conditions associated with major path-
ways of tree introductions strongly influence the abi-
lity of the introduced species to establish and then
spread. Environmental limitations experienced by
ornamental plants are often mitigated by intense cul-
tivation that results in trees being placed in land-
scapes that enhance their survival, but restrict their
immediate population growth. Such limitations, as
well as low propagule pressure and placement within
the physical landscape, may at least partially explain
the long-time periods between introduction and inva-
sion for many ornamental species (Kowarik, 1995).
Ultimately, it appears that introduction conditions
dictated by human requirements play a greater role
in the initial phases of species spread than intrinsic
species traits and that these conditions continue to
have an influence over long-time periods. The current
trend towards selecting ornamental plants that are
better matched to the habitat into which they are
introduced and that require less nurturing, may
enable an increasing number of ornamental plants to
overcome barriers to invasion. This is particularly
concerning considering predictions that the ornamen-
tal trade will increase in the future, resulting in prob-
lems with data availability for novel introductions
and difficulties with using popular risk assessment
tools. These factors, together with a better under-
standing of why species are being introduced, need
to be considered by managers attempting to limit
current and future invasions, and for improved man-
agement of species relocations for conservation.
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Table S1Summary of distribution records (South African distribution records (RSA), native distribution records (NAT) and invasive distribution 
records for all countries excluding South Africa (GLO)), cleaning and final data points used in distribution modeling. Regularized values represent 


























All Raw 1050 2146 12269 1904 1086 8060 5151 13610 1108 8095 3875 
 Clean 288 1022 8923 510 247 1381 1982 8303 201 1640 328 
 Regularized 160 409 636 243 88 348 659 669 145 620 314 
NAT Regularized 9 103 333 74 44 272 173 503 64 497 28 
RSA Regularized 38 234 289 127 28 47 448 124 45 59 64 
GLO Regularized 113 72 14 42 16 29 38 42 36 64 222 
Fig. S1 Variation from recent historical climatic conditions (1975H) for the three bioclimatic 
variables used in models calibrated with South African distribution records (RSA), native 
distribution records (NAT) and alien distribution records for all countries excluding South 
Africa (GLO). Data points correspond to distribution records from the relevant region falling 
within 10' grid cells for the four forestry species A. dealbata (a), A. decurrens (b); A. mearnsii 
(c) and A. melanoxylon (d). The three variables were annual precipitation (Bio12), maximum 
temperature of the warmest month (Bio05), and minimum temperature of the coldest (Bio06). 
 
Fig. S2 Variation from recent historical climatic conditions (1975H) for the three bioclimatic 
variables used in models calibrated with South African distribution records (RSA), native 
distribution records (NAT) and alien distribution records for all countries excluding South 
Africa (GLO). Data points correspond to distribution records from the relevant region falling 
within 10' grid cells for the four dune species A. cyclops (a), A. longifolia (b); A. pycnantha 
(c) and A. saligna (d). The three variables were annual precipitation (Bio12), maximum 
temperature of the warmest month (Bio05), and minimum temperature of the coldest (Bio06).  
 
  
Fig. S3 Variation from recent historical climatic conditions (1975H) for the three three 
bioclimatic used in models calibrated with South African distribution records (RSA), native 
distribution records (NAT) and alien distribution records for all countries excluding South 
Africa (GLO). Data points correspond to distribution records from the relevant region falling 
within 10' grid cells for the three ornamental species A. baileyana (a), A.elata (b); and A. 
podylariifolia (c). The three variables were annual precipitation (Bio12), maximum 
temperature of the warmest month (Bio05), and minimum temperature of the coldest (Bio06). 
 
  
Fig. S4 Projected bioclimatic niches predicted by correlative distribution models for each of 
the four forestry species A. dealbata (a), A. decurrens (b); A. mearnsii (c) and A. melanoxylon 
(d) in South Africa. Models were calibrated using South African distribution records (RSA), 
native distribution records (NAT) and alien distribution records for all countries excluding 
South Africa (GLO) for each species.  
 
  
Fig. S5 Projected bioclimatic niches predicted by correlative distribution models for each of 
the four dune species A. cyclops (a), A. longifolia (b); A. pycnantha (c) and A. saligna (d) in 
South Africa. Models were calibrated using South African distribution records (RSA), native 
distribution records (NAT) and alien distribution records for all countries excluding South 




Fig. S6 Projected bioclimatic niches predicted by correlative distribution models for each of 
the three ornamental species A. baileyana (a), A.elata (b); and A. podylariifolia (c) in South 
Africa. Models were calibrated using South African distribution records (RSA), native 
distribution records (NAT) and alien distribution records for all countries excluding South 




A species distribution model (SDM) was created in order to serve as a background for 
a dynamic lattice model based on basic growth and dispersal processes. Acacia longifolia data 
was selected for use when calibrating the model due to the accuracy of South African 
distribution records and availability of data on life history traits and abundance (Milton & 
Hall, 1981; Veldtman et al., 2010; Marchante et al., 2011). We first combined all distribution 
records (i.e. NAT+RSA+GLO) in the SDM to try and cover the full range of climate space 
occupied by A. longifolia, based on the same climatic variables as for the niche shift 
quantification. Specifically, the SDM was trained in MAXENT v. 3.3.3k (Phillips et al., 2006) 
using the same WorldClim 10' resolution gridded bioclimatic raster set before being projected 
to the WorldClim Version 1.4 (Release 3) 30'' resolution gridded bioclimatic raster set set 
(Hijmans et al., 2005; www.worldclim.org; accessed 01.08.2012) for the Western Cape. To 
ensure that pseudo absence data were selected from relevant regions, 10 000 background 
points were selected from Köppen-Geiger climate zones of the WorldClim data set (Kriticos 
et al. 2012) containing presence points (Köppen, 1936; Phillips & Dudík, 2008; following 
Webber et al., 2011). All settings were left as default: ‘logistic output’, ‘create response 
curves’, ‘jacknife measures of variable importance’, ‘do clamping’ and a regularization value 
of 1; however, as recommended for invasive species, only hinge features were used to build 
the model (Elith et al., 2010). The globally trained model was then projected to the Western 
Cape. 
To reduce the chances of over fitting and to limit omission errors, the model 
projection was assessed by using the lowest presence threshold (LPT; Pearson et al., 2007) to 
define whether a cell was projected to be a ‘presence’ or ‘absence’  (Fig. S7). As is suggested 
for analysis of projections made for invasive species (Webber et al., 2011; Thompson et al., 
2011), the binary presence-absence map was used to calculate sensitivity (proportion of 
known presences predicted present) and prevalence (proportion of available area predicted 
present), which was tested for significance with an exact one-tailed binomial test (Pearson et 






























Fig. S7 Relative habitat suitability identified by correlative distribution modelling for 
Acacia longifolia in the Western Cape, South Africa. Red represents cells projected as 
climatically suitible, using the lowest presence threshold (LPT) as the binary threshold. 
Models were trained using all available distribution data globally and pseudo-absence data 

























Fig. S8 Bioclimatic response curves generated by MAXENT models trained on global 
distribution data range for Acacia longifolia, and projected to the Western Cape, South Africa. 
Bioclimatic variables used: maximum temperature (bio05), minimum temperature (bio06), 
and annual rainfall total (bio12) 
  
Fig. S9 Bioclimatic variable testing gains (x-axis) with and without each variable, for 
MAXENT models projected to the Western Cape, South Africa. Bioclimatic variables 
represented are: maximum temperature (bio05), minimum temperature (bio06), and annual 
rainfall total (bio12). 
 
  
Table S2 Coordinates of initial introduction points of trees for the model simulation of Acacia 
invasions in the Western Cape, South Africa (Avis 1989; Poynton 2009; J.E. Donaldson 









Muizenburg 18.459 -34.107 NA 
Eerste Rivier 18.627 -34.064 NA 
Still Baai 21.431 -34.368 445ha 
De Hoop 20.433 -34.368 21000ha 
De Mond 20.118 -34.715 238ha 
Arniston 20.223 -34.683 66886ha 
Asfontein 19.877 -34.767 66886ha 
Ornamental  Tokai 18.415 -34.060 21trees 
Somerset West 18.450 -33.991 200+ trees 
Bishops Court 18.659 -33.844 45 trees 
Durbanville 18.860 -34.055 6 trees 
George 19.027 -34.335 10 trees 
Knysna 22.493 -33.975 50 trees 
Kleinmond 23.080 -34.056 8 trees 
Table S3 Explanations and relevant references used to calculate three different reproductive 
rates (r) used for populations in the cellular automaton simulations. 








Annual seed production estimates 
for trees in the Western Cape 
28750 48000 9500 Milton & Hall 1981 
Seed predation (45%) 15812 26400 5225 Holmes, 1990 
 
Viable seed (90%) 14231 23760 4703 Milton & Hall 1981; 
Marchante et al., 2011 
Spontaneously germinating 285 475 94 Milton & Hall 1981; 
Marchante et al., 2011 
Falling outside of parent canopy 
(0.5%) 
43 71 14 Milton & Hall 1981; 
Marchante et al., 2011 
Estimated seedling survival in 
open, unburnt Fynbos (0.5%) 
0.2 0.4 0.1 Hoffmann & Impson, 
unpublished 
Estimated number of seedlings 
produced over three year period 
(r) 
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